To compare the diagnostic accuracy of on-site computed tomography (CT)-derived fractional flow reserve (FFR) and stress CT myocardial perfusion (CTP) in patients with coronary artery disease.
Introduction
Evaluation of coronary ischaemia is an important step in determining the appropriate treatment for coronary artery disease (CAD). 1 Therefore, various modalities for detecting myocardial ischaemia have been developed. 2 Of these methods, fractional flow reserve (FFR) has been widely used to localize ischaemic lesions and improve clinical outcomes during revascularization. 3, 4 However, due to its invasiveness, systematic use of FFR is limited in individuals with suspected CAD. Thus, noninvasive tests are still being used in clinical practice to diagnose patients with inducible myocardial ischaemia. Single-photon emission computed tomography (CT), traditionally used to detect ischaemia in clinical practice, has relatively low spatial resolution and can give false-negative results known as 'balanced ischaemia'. 5 CT-based functional imaging, such as CT myocardial perfusion (CTP) and CT-derived FFR, is a recently developed method for detecting myocardial ischaemia. 6 -16 Several clinical studies have compared CT-derived FFR and invasive FFR using a parallel supercomputer that requires transfer of the 3D CT images to an external site (HeartFlow, Inc., Redwood City, CA) 12, 14, 15 or independent on-site workstation. 17, 18 Compared with CTP, the most important advantage of CT-derived FFR is that no additional CT scans are required. Furthermore, vasodilator administration is not required. However, CT-derived FFR has not been compared with a combination of CT-derived FFR and CTP in a validation study. We hypothesized that CT-derived FFR using CTP data would be useful for detecting haemodynamically significant stenosis. Thus, the purpose of our present study was to compare the diagnostic accuracies of on-site CT-derived FFR and CTP in patients with CAD.
Methods Subjects
The Institutional Review Board of our institution approved this study, and written informed consent was obtained from all patients. From December 2011 to October 2014, 750 consecutive patients with suspected CAD who had undergone CTP were enrolled in a prospective CTP registry at our institution (NCT01696006; ClinicalTrials.gov). CTP including stress and rest scans was part of the clinical evaluation deciding referral for subsequent invasive angiography. The inclusion criteria were an age of ≥18 years, angina or angina-equivalent symptoms, and willingness to provide informed consent. Patients with a prior history of percutaneous coronary intervention (n ¼ 229) or coronary artery bypass surgery (n ¼ 56) were not included. Of the 178 patients who had undergone invasive coronary angiography, those with total occlusions in each major coronary artery (n ¼ 52), who had not undergone FFR measurement (n ¼ 46), or who had inadequate CT quality for computation of CT-derived FFR (n ¼ 8)
were excluded. In total therefore, 72 patients who had undergone CTP and invasive FFR were included for further analysis ( Figure 1 ).
Cardiac CT protocol and CCTA analysis
Stress CTP imaging and rest CTP imaging were both performed in a single session using a second-generation dual-source CT scanner (Definition Flash; Siemens Medical Solutions, Forchheim, Germany) (Supplementary data online, Figure S1 ), and CCTA images were reconstructed using rest CTP data. The stress CTP scan was performed during an intravenous infusion of adenosine (140 mg/kg/min for 5 min) using the electrocardiogram-gated retrospective spiral scan method. 7, 16, 19 Rest CTP was performed 10 min after stress CTP imaging with the same parameters as those used for stress CTP. To reduce the radiation dose, electrocardiogram-based tube current modulation (dose-pulsing window, 30 -80% of the R -R interval) and body-size adaptive adjustment of the tube potential and tube current were applied (Supplementary data online, Table S1 ). In rest CTP, if the heart rate decreased to ,70 beats per minute after cut-off of the adenosine infusion, the dosepulsing window was decreased to 60 -75%. A 60 -70 mL bolus of iodinate contrast agent was injected at a rate of 4.0 mL/s, followed by a 40-mL saline chaser. To evaluate an inter-observer agreement, one experienced radiology technologist (5 years of experience in CTA post-processing) performed CT-derived FFR in all cases. Computation of CT-derived FFR values was performed using a workstation-based CT-derived FFR software prototype (Version 1.4; Siemens Healthcare, Forchheim, Germany). Based on automatically computed centrelines of the coronary tree, the lumens of the coronary arteries were semiautomatically segmented. The geometric model of the coronary lumen was complemented by interactively defined proximal and distal markers for each lesion. Using this segmented geometry, onedimensional unsteady simulations of coronary flow were conducted using a hybrid reduced-order modelling approach. 20, 21 In this approach, continuity and the Navier -Stokes equations are simplified as functions of cross-sectional area and flow rate, and the pressure gradient over a stenosis was explicitly given as a function of flow rate based on semi-empirical models. 22 The inflow boundary condition was specified by implicit coupling with a one-dimensional heart model. Outflow boundary conditions at hyperaemia were derived by lumped parameter models using the haemodynamic parameters of the rest state, such as blood pressure, heart rate, and myocardial mass, 23 and patient-specific estimations of microvascular resistances at rest with a transfer function that models the vasodilation phenomenon. 21, 24 After the numerical set-up, coronary flow simulation was completed within 10 min on a standard post-processing workstation. CT-derived FFR values were computed for the entire coronary tree by dividing the time-averaged local coronary pressure by the timeaveraged aortic pressure and were displayed as an interactive, colourcoded 3D model. To obtain the CT-derived FFR value distal to a coronary stenosis, markers were placed on a 20-mm distal portion of the stenotic area. Any vessel showing a CT-derived FFR value of ≤0.80 was defined as having haemodynamically significant stenosis ( Figures 2 and 3 ). Any disagreement was resolved by consensus. CT data were reconstructed using a smooth kernel (B10f) at multiple cardiac phases (0 -90% of the R -R interval, 10% increments). To improve the contrast-to-noise ratio, a 10-mm-thick, multiplanar, reformatted image with a narrow window [200 Hounsfield units (HU)] and level (100 HU) was generated. 19, 25 Any low-density lesion conforming to the coronary artery territory was defined as a myocardial perfusion defect 19 ( Figures 2 and 3 ). To exclude motion or beam-hardening artefacts, multiple cardiac phases of CT images were reviewed. A myocardial lowdensity area that was consistently seen in both systolic and diastolic phases was classified as a true perfusion defect. Adjustments of the window and level settings, cardiac phase, and imaging plane were allowed.
Assessment of invasive coronary angiography and FFR
Invasive coronary angiography was performed using standard orthogonal views, and quantitative coronary angiography analysis was performed in all coronary segments .1.5 mm in diameter. FFR was measured during intravenous adenosine infusion (140 mg/kg/min for 5 min 
Statistical analysis
Continuous variables are presented as the mean + standard deviation, and categorical variables as numbers and percentages. The diagnostic performance of CCTA, CT-derived FFR, CTP, and quantitative coronary angiography for the detection of haemodynamically significant stenosis (defined as FFR ≤ 0.80) was calculated as simple proportions with corresponding 95% confidence intervals (CIs) and Kappa statistics on a per-vessel basis. The incremental value of CT-derived FFR with CTP compared with CCTA was determined by area under the receiveroperating characteristic curve (AUC) analysis based on a logistic regression model and the net reclassification index (NRI). 26 AUCs were compared using the approach of DeLong et al. 27 Variability between observers was assessed using the intraclass correlation coefficient. Comparisons between the CT-derived FFR and invasive FFR were evaluated with the Pearson correlation coefficient and the Bland -Altman method. Deviation of CT-derived FFR was defined as the absolute difference between CT-derived FFR and invasive FFR. 28 The deviation of CT-derived FFR and diagnostic accuracy of CTP and CT-derived FFR were compared across the tertile groups of the Agatston score. Differences of sensitivity and specificity between CT-derived FFR and CTP in each tertile group were compared using the McNemar test. Differences in positive and negative predictive values were tested using relative predictive values as described previously. 29 A P-value of ,0.05 was considered to be statistically significant. Statistical analyses were performed using MedCalc software (Version 15.6.1; MedCalc Software bvba, Ostend, Belgium) and SAS software (version 9.1; SAS, Cary, NC).
Results
Patient characteristics are summarized in Table 1 . Assessment of CT-derived FFR with CTP was available for all 72 study patients, and invasive FFR was measured in the 138 vessels in this series.
The mean time to generation of a 3D model of a coronary artery was 50 min (standard deviation, 18 min; range, 22-80 min), and 10 min was required to calculate the CT-derived FFR value. Therefore, the total CT-derived FFR computation took 60 min. Inter-observer agreement was high for CT-derived FFR (intraclass coefficient 0.87; 95% CI: 0.83, 0.90) and CTP (intraclass coefficient 0.83; 95% CI: 0.79, 0.87). The mean effective doses of radiation for stress CTP and CCTA were 7.8 + 2.8 and 7.7 + 3.0 mSv, respectively.
Diagnostic accuracy
The per-vessel prevalence of haemodynamically significant coronary stenosis was 39% (54/138). The diagnostic accuracy of CCTA, CT-derived FFR, CTP, and quantitative coronary angiography in the vessel-based analyses is summarized in Table 2 . The per-vessel sensitivity was 94% for CCTA, 87% for CT-derived FFR, and 79% for CTP. The per-vessel specificity was 66% for CCTA, 77% for CT-derived FFR, and 91% for CTP. 20.06 + 0.27 ( Figure 7) . A combination of CT-derived FFR or CTP with CCTA showed incremental value compared with CCTA alone in the logistic regression model, as defined by the AUC and NRI ( Table 3) .
Subgroup analysis
The Table 4 . Diagnostic accuracy of CT-FFR was lower in the highest tertile, but the difference did not reach statistical significance (tertile 1 vs. tertile 3: sensitivity 94 vs. 85%, P ¼ 0.383; specificity 84 vs. 62%, P ¼ 0.078). In the highest tertile of calcium score (.174.0), specificity and positive predictive value of CTP were significantly higher compared with CT-derived FFR (specificity: CT-derived FFR 62% vs. CTP 92%, P ¼ 0.004; positive predictive value: CT-derived FFR 64% vs. CTP 89%, P ¼ 0.006). However, there was no significant difference in AUCs of CT-derived FFR and CTP in all tertile groups of the Agatston score.
Discussion
The major findings of our current study were (1) CT-derived FFR from resting CTP data is a feasible method for the detection of significant stenosis (FFR ≤ 0.80), (2) the combination of CT-derived FFR with CCTA provides incremental value compared with CCTA, and (3) CT-derived FFR has an AUC comparable with CTP. However, in the highest tertile of calcium score, specificity and positive predictive value of CT-derived FFR were significantly lower than those of CTP. Therefore, the clinical usefulness of CT-derived FFR may be limited by its reliance on accurate models of the coronary arteries. These models cannot be generated when the image quality is poor, as in cases with severe calcification or stair-step artefacts.
The clinical feasibility of CT-derived FFR has been demonstrated previously using a parallel supercomputer. 12, 15 A recent prospective, multicentre NXT trial (Analysis of Coronary Blood Flow Using CT Angiography: Next Steps) reported improved diagnostic accuracy of CT-derived FFR (FFR CT : HeartFlow, Inc., Redwood City, CA) compared with previous reports. 14 The diagnostic accuracy, sensitivity, and specificity of the NXT trial on a per-vessel basis were 86, 84, and 86%, respectively. Recently also, the feasibility of on-site CT-derived FFR was reported in a retrospective single-centre study. 17, 28 Our current study presents the results of CT-derived FFR using CCTA data from a prospective CTP registry. The diagnostic accuracy, sensitivity, and specificity of this technique were found to be 81, 87, and 77%, respectively, at the per-vessel level, which is comparable with the previous NXT trial and on-site CT-derived FFR. 14, 17 However, when compared with FFR CT in the NXT trial, the on-site CT-derived FFR technique used in this study is based on past generations reduced-order computational fluid modelling and a less comprehensive anatomical modelling approach. In addition, no large-scale multicentre studies have demonstrated the clinical value of the on-site CT-derived FFR technique. Further research with larger sample size and improved CT-derived FFR technique are required. On-site computation of CT-derived FFR on a standalone workstation with a relatively fast processing time ( 60 min per case in our study) could improve accessibility, cost effectiveness, and turnaround. Diagnostic accuracy, user experience, and workflow are likely to be crucial factors as physicians decide whether to adopt this new diagnostic modality in a routine clinical setting. In our current study, CT-derived FFR allowed a virtual FFR value to be computed from CCTA acquired from rest CTP using computational fluid dynamics. CTP is a noninvasive test for detecting myocardial ischaemia irrespective of the degree of anatomical stenosis on CCTA. 16, 30 The major limitation of CT-derived FFR is its inability to calculate the FFR value when the anatomical model generated from CCTA is of poor quality. 17, 31 Although diagnostic accuracy of CT-derived FFR has been less susceptible to coronary calcium than that of CCTA in the NXT trial, 32 imaging artefact (e.g. misalignment) still influenced the diagnostic accuracy of CT-derived FFR negatively. 28 This limitation might be overcome by improvements in CCTA preparation or CT reconstruction algorithms that reduce image artefacts. Nonetheless, coronary lumen may be totally invisible in some patients with severe coronary calcium due to severe blooming artefact or with severe artefact. In our current analysis, 10% (8/80) of patients were not evaluable due to severe coronary calcified plaques (n ¼ 5, 6%) or stair-step image artefacts (n ¼ 3, 4%). Similar limitations have been noted by other researchers. For example, 33/285 patients enrolled in the previous DeFACTO trial were excluded from the analysis due to technical problems. 15 Even in the NXT trial, 12% (44/365) patients were rejected by FFR CT core laboratory due to imaging artefacts. 14 Calcified arteries may increase the number of non-evaluable CT scans, although our current method of using a validation registry of CT-derived FFR and CTP suggests one way to overcome this problem. We believe that CTP may be a complementary modality in population with very severe coronary calcium and poor CCTA image quality. The stress and rest CT scans obtained by the CTP protocol allow simultaneous CTP and CT-derived FFR results in the coronary and myocardial 3D images. In fact, we successfully analysed CTP in all of the patients who were excluded from the CT-derived FFR cohort due to technical problems. In addition, CTP may provide the information of the extent of myocardial hypoperfusion and reversibility. Therefore, using our imaging protocol, physicians can obtain comprehensive information on patient-and lesion-based ischaemia using CT-derived FFR and CTP analysis. Our present study had several noteworthy limitations. Although this study was based on a prospective CTP registry, the CT-derived FFR validation was retrospectively planned and conducted in select patients undergoing CTP and angiography, which might have led to a referral bias. Among patients in the CTP registry eligible for inclusion, only 9.6% of patients were enrolled in the analysis group. Therefore, we did not analyse enough cases to validate the diagnostic accuracy of CT-derived FFR across diverse patient types. However, ongoing enrolment should help identify the diagnostic accuracy on a per-patient level and a differential efficacy in various patient subgroups. Second, we used a high-end CT machine with a dual-source 128-slice scanner, and the results might not be . applicable to scanners with a lower temporal resolution. Third, CT-derived FFR showed variable agreement with invasively measured FFR by the Bland -Altman analysis, and this may prevent its acceptance as a feasible replacement for invasively measured FFR at the present time. Forth, patients with coronary stents were not included in the analysis because CT-derived FFR has not been validated in this population. Finally, the software we used for CT-based FFR computation was only a prototype version, and future versions are likely to have improved ability in this regard.
In conclusion, on-site CT-derived FFR has a comparable diagnostic accuracy to CTP for identifying haemodynamically significant stenosis defined by invasive FFR. Further studies with larger sample sizes are required to compare the clinical safety and efficacy of noninvasive CT-based functional imaging with invasive functional testing.
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